Using antisense technology, the effects of suppressed gene expression of the erythroid-specific S-aminolevulinate (ALA) synthase (ALAS-E) on heme synthesis, expression of mRNAs encoding an erythroid-specific transcription factor NF-E2, other heme pathway enzymes, and p-globin were examined in murine erythroleukemia (MEL) cells. In MEL cells in which an antisense ALAS-E RNA was expressed (AS clone), sense ALAS-E mRNA levels in both untreated and dimethylsulfoxide (DMSO)-treated cells were decreased compared with their respective controls. Heme synthesis in AS clones was decreased in proportion to the suppressed levels of ALAS-E mRNA. In addition, mRNAs for ALA dehydratase, porphobilinogen deaminase, ferrochelatase (FeC), and p-globin ECENT STUDIES suggest that there is a considerable difference in the regulation of heme synthesis between erythroid and nonerythroid cells."3 For example, expression of transferrin receptor gene is regulated differently in erythroid cells as compared with nonerythroid cells$5 and the availability of iron appears to be critical in erythroid heme synthesk6 Another important regulation is accounted for by the existence of tissue-specific 6-aminolevulinate synthase (ALAS) isozymes, which are encoded by two different and the enzyme activity is close to the rate limiting level in heme synthesis." During erythroid cell differentiation of Friend virus-transformed murine erythroleukemia (MEL) cells, the erythroid-specific ALAS (ALAS-E) mRNA was found to increase dramatically,'8-22 whereas the nonspecific ALAS (ALAS-N) mRNA18'20 and its enzyme activity" rapidly decreased, suggesting an important role of ALAS-E expression in heme synthesis in differentiating MEL celIs. '8,2' To examine the role of ALAS-E gene expression on heme synthesis in more detail, we have used antisense technology to suppress ALAS-E gene expression in this study. Namely, we have created mutant MEL cells in which ALAS-E gene expression was specifically suppressed by transfection with a plasmid bearing an antisense ALAS-E RNA transcription unit. Our studies showed that suppression of ALAS-E gene expression is significantly correlated with downregulation of mRNAs encoding p45, a subunit of the erythroid-specific transcription factor NF-E2,23,24 @-globin, and enzymes in the heme biosynthetic pathway, as well as heme production. were also decreased in AS clones. There was a strong correlation between the level of ALAS-E mRNA and most of the mRNAs of the heme pathway enzymes and B-globin. There was a decrease in the mRNA level of p 4 5 , but not of meM, which are the large and the small subunits of NF-E2, respectively, in AS clones. Treatment of AS cells with hemin and ALA in the presence of DMSO partially restored the suppressed mRNA levels for @-globin and F& and heme content, respectively. These findings thus indicate that heme formation, which is determined by the level of ALAS-E, plays an essential role on gene expression of many proteins necessary for erythroid development. 0 1995 by The American Society of Hematology.
ECENT STUDIES suggest that there is a considerable difference in the regulation of heme synthesis between erythroid and nonerythroid cells."3 For example, expression of transferrin receptor gene is regulated differently in erythroid cells as compared with nonerythroid cells$5 and the availability of iron appears to be critical in erythroid heme synthesk6 Another important regulation is accounted for by the existence of tissue-specific 6-aminolevulinate synthase (ALAS) isozymes, which are encoded by two different and the enzyme activity is close to the rate limiting level in heme synthesis." During erythroid cell differentiation of Friend virus-transformed murine erythroleukemia (MEL) cells, the erythroid-specific ALAS (ALAS-E) mRNA was found to increase dramatically, '8-22 whereas the nonspecific ALAS (ALAS-N) mRNA18'20 and its enzyme activity" rapidly decreased, suggesting an important role of ALAS-E expression in heme synthesis in differentiating MEL celIs. '8,2' To examine the role of ALAS-E gene expression on heme synthesis in more detail, we have used antisense technology to suppress ALAS-E gene expression in this study. Namely, we have created mutant MEL cells in which ALAS-E gene expression was specifically suppressed by transfection with a plasmid bearing an antisense ALAS-E RNA transcription unit. Our studies showed that suppression of ALAS-E gene expression is significantly correlated with downregulation of mRNAs encoding p45, a subunit of the erythroid-specific transcription factor NF-E2,23,24 @-globin, and enzymes in the heme biosynthetic pathway, as well as heme production.
These findings suggest that ALAS-E gene expression and resulting heme formation significantly influence the regulation of genes for erythroid-specific proteins.
MATERIALS AND METHODS

Cell culture. A clone of dimethylsulfoxide (DMSO)-sensitive MEL cells (DS-19)25 was grown in suspension in a modified
Ham's F12 medium containing 10% heat-inactivated defined bovine calf serum (Hyclone Laboratories, Logan, UT). Cells were routinely split every 3 to 4 days to maintain a logarithmic growth. For each experiment, cells from a 24-to 48-hour-old culture were resuspended in fresh medium at a cell density of 5 X IO4 cells/mL, and incubated for 16 hours, before the addition of chemicals. Incubations were then continued for various periods as indicated in each figure.
Plasmid construction and transfection. A 0.8-kb cDNA fragment that contained a sequence spanning from the 5' end to the first HindIII site of the mouse ALAS-E cDNA, which we termed "0.8-kb HindIII fragment," was inserted in an antisense orientation into the HindIII site of an eukaryotic expression vector, pRC/CMV, which contained a neomycin-resistant gene (Invitrogen Corp, CA) (Fig 1) . For transfection, 30 pg of plasmid were linearized by digestion with Sca I and introduced into 1 X lo7 DS-19 cells by electroporation using CellJect electroporator CEL-1000 (BIOS Corp, New Haven, CT). Twenty-four hours after transfection, cells were incubated in fresh medium containing G418 (0.6 mg/mL; Geneticin; GIBCO-BRL, Gaithersburg, MD) for 48 hours and then plated in fresh medium containing 0.8% (wt/vol) methylcellulose and G418 (0.6 mg/mL). After several days of growth, individual colonies were picked and resuspended in fresh medium containing G418 (0.6 mgl mL), and incubation was continued for expansion. Cell cloning using methylcellulose culture was repeated twice to confirm results. cDNA probes. An Xho VSph I fragment of the mouse ALASand a rat ALAS-N cDNA pKR2cA:' were used as ALAS-E and ALAS-N probes, respectively. A rat ALAD cDNA (PALAD-1) ; ' a rat PBGD cDNA (p44SB-1), a mouse ferrochelatase (FeC) cDNA and a mouse P-globin cDNA (pCR1P) were used as probes in Northern blot analysis. Radiolabeled RNA probes specific for mouse m a s and p45 mRNAsZ3 were synthesized using T3 RNA polymerase.24 Chicken P-actin cDNA was used as an internal control.
Northern blot analysis. Total RNA was isolated according to the method of the acid guanidium thiocyanate phenol chloroform method:' applied to a 1.2% agarose-formaldehyde gel, electrophoresed, and transferred to a sheet of Zeta-probe filter (Bio-Rad, Richmond, CA). The filters were hybridized with an appropriate p r o k at 43°C for 24 hours in a solution containing 50% formamide, 0.25 mom Na2PO4, 0.25 mol/L NaCI, 1 mmoVL EDTA, 2% sodium 1rrrrtrlrrroclre~trric.ctl qrrtrrltificertiorr of A l A S i.so:wrc,.s. Immunochemical quantification of ALAS isozymes was performed using mitochondria fractions isolated from I .4 X IO' cells. by Western blot analysis with enhanced chemiluminesccncc detcction.Ix An antibody used was a rabbit antiserum against puritietl ret ALAS-N which recognizes both ALAS-N and ALAS-E.IX A,s,scry,s on ALAD c m / PRCD crcriviticts crnd hcwr confew/. ALAD activity was determincd using S X IO' cells/assny by semimicrocolorimetry."' and PBGD activity was determined using S X IO' cells/ ass;~y by fluorometry." as described previously. Heme content was determined fluorometrically using IO' cells per assay :IS described previously." All determinations were made in triplicate. and experiments were repeated two t o three times.
RESULTS
Slrpprcssiorl of ALAS-E mRNA l c~~l s by crntiscwsc ALAS RNA. The antisense construct (Fig 1 ) was introduced into DS-19 cells by electroporation.') Because the ALAS-E cDNA inserted into the antisense RNA expression vector was 4300 bp. it generated a 1.1-kb RNA. Thus, it was possible to distinguish the antisense RNA and the sense ALAS-E mRNA a s I . 1 -kb and 2.0-kb bands, respectively, in Northern blot analysis (Fig 2A) . Of 30 neomycin-resistant clones. 9 clones expressing high levels of antisense ALAS-E RNA were isolated by two courses of clonal selection. using a methylcellulose culture. Then 6 of the 9, expressing relatively low (<0.27-fold of the untreated mock control level: clones AS1 and AS2). intermediate (0.45 to 0.7-fold: clones AS3 and AS4), and high levels (>0.7-fold) of ALAS-E mRNA (clones ASS and AS6) were chosen for further studies ( Figs 2R and 3 ). After treatment with I .S% (vol/vol) DMSO for 72 hours, these AS clones also showed relatively low ( 1 0. I -2 1.9-fold and 10.7-2 0.8-fold [mean -t SEMI. for AS1 and AS2, respectively), intermediate ( I 6.6-t-3.3-fold and 18.2--t 3.2-fold. for AS3 and AS4. respectively). and high (21. I -2 4.4-fold and 24.0-t-S.2-fold, for ASS and AS6, respectively) increases in ALAS-E mRNA levels compared with the untreated mock control cells (Fig 3) . DS-19 cells transfected with the plasmid alone (termed "control cells" hereafter) showed a 40.9-2 9.2-fold increase of ALAS-E mRNA after DMSO treatment (Fig 3) . Northern blot analysis of p45 and mafK mRNAs. p45 and mafK mRNA levels were examined by Northern blot analysis as described in Materials and Methods. Twenty micrograms of total RNA was electrophoresed, blotted onto a Zeta-probe filter. Hybridization of the filter with '2P-labeled RNA probes was performed in the presence of both probes for p45 and mafK, followed by RNase treatment, and washing under the most stringent condition.'8.60 Data represent the mean with SEM of three experiments.
Immunoblot cmulysis. Western blot analysis of ALAS was performed in control cells and in AS1 cells. Thc results showed that the level of ALAS-E was lower in untreated AS1 cells (-54%) than in control cells transfected with the plasmid alone (Fig 4) . After DMSO treatment. the level of the enzyme protein increased Wold and 2.7-fold in control and AS1 cells. respectively. The induced level of the ALAS-E protein in AS1 cells was ~3 0 % -of that in the induced control cells (Fig 4) , which was similar to its mRNA level (~2 5 % of that in the induced control).
For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From ALAS GENE AND ERYTHROID HEME SYNTHESIS 943 Suppression of p45 mRNA levels by antisense ALAS RNA. Levels of p45 and majK mRNA, the large and the small subunit of the erythroid-specific transcription factor NF-E2,'3.24 respectively, were examined by Northern blot analysis in DS-19, control, and AS cells. Results for DS-19, control, and AS1 cells that expressed the lowest level of ALAS-E mRNA are shown in Fig 5. mRNA levels are expressed as the ratio to that of untreated control cells. p45 mRNA levels were I .28-, I -, and 0.67-fold in untreated DS-19, control, and AS1 cells, respectively. The reason for decreased p45 mRNA in control cells is unclear at present, but the results were reproducible. p45 mRNA levels in DMSOtreated cells were 2.85-, 1.49-, and 1.07-fold in DS-19, control, and AS1 cells, respectively (Fig 5) . In contrast with p45 mRNA, majK mRNA expression was much lower, and there was little difference in its level among these clones, and it was not influenced by DMSO treatment (Fig 5) .
Effects of ALAS-E suppression on the levels of mRNAs encoding other heme pathway enzymes and @-globin. Effects of the suppression of ALAS-E expression on the levels of mRNAs encoding other heme pathway enzymes and 0-globin were examined. ALAS-N mRNA levels decreased after DMSO treatment in all clones (Fig 6) , consistent with the downregulation of ALAS-N in MEL cells that was reported earlier in the It is also interesting to note that untreated AS clones showed a higher level of ALAS-N mRNA than untreated control cells (Fig 6) , suggesting that the suppression of ALAS-E mRNA may augment the expression of the nonerythroid transcript. The suppression of ALAS-E mRNA in untreated AS clones decreased the levels mRNAs encoding ALAD, PBGD, FeC, and &globin, but not &actin, which was used as control (Fig 6) . These findings indicate that decreased expression of the ALAS-E gene is correlated with decreased expression of other heme pathway enzyme genes and that of the &globin gene.
Relationships of ALAS-E mRNA and mRNA levels for PBGD, FeC, and &globin are shown in Fig 7. These mRNAs showed a significant correlation with ALAS-E mRNA levels (Fig 7A, 7B, and 7C ). In contrast, ALAD mRNA levels, which were decreased in AS cells to 20% to 50% of those that, in the control, did not show a significant correlation with ALAS-E mRNA levels (data not shown).
Effects of ALAS-E suppression on the levels of ALAD, PBGD activities. and heme content. To examine whether a decrease in ALAS-E mRNA is reflected in other heme pathway enzymes and products, we determined ALAD and PBGD activities and heme content. Both ALAD (Fig 8A) and PBGD activities (Fig 8B) in AS clones were found correlated with the level of ALAS-E mRNA ( r = .679, P < .05 for ALAD, and r = .930, P < .01 for PBGD, respectively). enzymes and ALAS-E mRNA levels, heme content showed a significant correlation with ALAS-E mRNA levels ( r = ,931, n = 15, P < .001) (Fig 8C) . As a consequence, there was also a remarkably high correlation with /?-globin mRNA and heme content ( r = ,941, n = 12, P < .001) (Fig 8D) .
Similar to the significant correlation between heme pathway
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Effects of DMSO, hemin, and succinylacetone (SA) on the level of FeC and @-globin rnRNAs in AS clones. Our earlier studies have shown that heme is necessary for accumulation of mRNAs encoding FeC'4 and /?-gIobid5 during erythroid differentiation of DS-19 cells, and thus, effects of DMSO (an inducer of heme synthesis in this cell type), hemin, and SA (a potent inhibitor of heme synthesis36) on the level of FeC and @-globin mRNAs were examined in AS clones. When cells were treated with DMSO and hemin (100 pmoll L), the level of FeC mRNA was similar to, or slightly higher than, DMSO treatment alone in AS clones, whereas it was decreased when cells were treated with DMSO and SA (0.5 mmoVL) (Fig 9A) . Thus, the average increase in FeC mRNA levels in the four AS clones was 122% -+ 7% (mean -+ SEM) for cells treated with DMSO and hemin compared with cells treated with DMSO alone, whereas its level was 59% -+ 10% (mean ? SEM) for cells treated with DMSO and SA. Similar findings were observed with P-globin mRNA, which was higher in all AS clones after DMSO and hemin treatment (208% ? 47%, mean -+ SEM) compared with DMSO treatment alone, whereas SA treatment inhibited the DMSO-mediated induction of /?-globin mRNA (51% t 12%, mean ? SEM) (Fig 9B) . Although Beaumont et a1" reported that SA treatment does not affect DMSO-mediated induction of FeC activity, other groups showed that an inhibitor of heme synthesis such as desferrioxamine or SA decreases FeC mRNA,".'* or a lack of expression of ALAS-E2'.34 decreases FeC mRNA. Thus, the majority of the findings on this point confirm our earlier observation that heme is positively involved in the increase in FeC and @-globin mRNA in differ- 
Terminal differentiation of AS clones. DS-19 cells show terminal cell differentiation after continued incubation with
To examine whether the downregulation of ALAS-E may have any effect on terminal cell differentiation, we examined the growth curve of AS clones either in the presence, or in the absence of 1.5% DMSO for 13 days. Cells were maintained at a low cell density by diluting the culture daily with fresh medium to yield 1 to 2 X 10' cells/ mL. This procedure allowed untreated cells to grow at a logarithmic rate? Results showed that all untreated clones grew in a logarithmic manner, whereas DMSO-treated clones showed the cessation of cell growth, starting 4 days in culture, and the cell number of all DMSO-treated cultures ALAS-E mRNA on day 13 was GS 1/1O,OOO of that in untreated cultures. There was no difference in the cell number between control and AS cells (data not shown).
DISCUSSION
The distinctive tissue-specific regulation of heme synthesis between the liver and erythroid cells has been documented in several ~t u d i e s . ' .~*~~~' In the liver, the rate of heme formation is determined by the level of ALAS, the first enzyme of the heme biosynthetic p a t h~a y ,~. " and the level of ALAS is in turn controlled in a feedback manner by intracellular free heme c~ncentration."~ The increase in ALAS is implicated in the chemical-induction of heme synthesis, but other heme pathway enzymes are not." In contrast with the liver, there is an upregulation of a host of heme pathway enzyme genes when erythroid heme synthesis is increased during cell differentiati~n.~~.~',~.~~ Hemin also stimulates, rather than inhibits, the synthesis of ALAS-E.18*4' Hemin is also known to increase the expression of FeC mRNA34338 and globin mRNA in erythroid ~e l l s , 4~*~~ as well as the synthesis of heme" and hemoglobin?' Additionally, in in vitro erythroid colony culture systems, hemin stimulates the growth and differentiation of erythroid c o l o n i e~?~~~~ The transferrin receptor gene is also known to be upregulated during erythroid differentiati~n?~ which positively influences the synthesis of ALAS-E at the posttranscriptional level!' Thus the mode of regulation of heme synthesis by heme in the liver and in erythroid cells is distinct. (Fig 4) , but also levels of mRNA encoding p45 (Fig 5) , some other heme pathway enzymes, and pglobin (Figs 6 and 7 ). There was a highly significant correlation between the level of ALAS-E mRNA and the levels of mRNAs encoding PBGD (Fig 7A), FeC (Fig 7B) , and pglobin (Fig 7C) , suggesting that the expression of ALAS-E has significant influences on gene expression of other heme pathway enzymes and @-globin. In contrast, ALAD mRNA levels did not show a significant correlation with ALAS-E mRNA, but its activity showed a weak correlation with ALAS-E mRNA levels (r = .679, n = 9) (Fig 8A) . The reason for this discrepancy is unclear at present. However, it has been recently reported that there are tissue-specific ALAD mRNAs, ie, the erythroid-specific and the nonspecific Therefore, there may be a possibility that a relationship between ALAD and ALAS-E mRNA levels may be made obscure by the presence of the nonspecific ALAD mRNA, even if the erythroid-specific downregulation of ALAD mRNA had been present in AS clones.
Among various comparisons, the highest correlation coefficient was observed between heme content and P-globin mRNA (r = ,941, P < .001) (Fig 8D) , suggesting that intracellular heme may play a significant role in regulating pglobin mRNA levels. In support of this hypothesis, the effect of ALAS-E suppression on these indices was partially reFor personal use only. on November 11, 2017 . by guest www.bloodjournal.org From stored by the exogenous supply of hemin (Fig 9) . It should also be noted that decreased heme synthesis in AS clones per se did not influence the commitment process. Thus, our findings in AS clones support and are consistent with the idea that cellular commitment is a separable event from induction of heme ~ynthesis.'~.~' Using a stable MEL cell mutant in which ALAS-E expression is not inducible by DMSO, hexamethylenebisacetamide, or butyric acid, Lake-Bullock and Dailey2' have recently shown that PBGD and coproporphyrinogen oxidase, but not protoporphyrinogen oxidase, FeC, and ,&globin are induced by DMSO treatment. However, after the addition of DMSO and hemin, but not hemin alone, a normal program of erythroid differentiation was observed including the induction of FeC and &globin." Based on these findings, these authors suggested that the induction of the heme biosynthetic pathway is biphasic and the induction of the terminal enzymes may be mediated by heme. Our findings in this and earlier findings in this study further indicate that there is a quantitative relationship between ALAS-E mRNA expression and mRNAs for PBGD, FeC, and P-globin, as well as ALAD activity and heme content. These findings confirm that heme plays a positive role in the regulation of heme pathway enzyme expression and &globin gene expression. Thus, in differentiating erythroid cells, autoregulation of these events may be necessary in maintaining the differentiated state.5x
The mechanisms for downregulation of other heme pathway genes and that of P-globin by the suppression of ALAS-E expression is unclear at present, but it is likely that heme may play a significant role in this action. Namely, the suppressed expression of @-globin and FeC mRNAs can be partially restored by hemin treatment. It should also be noted that ALA treatment restored heme synthesis in AS clones. In addition, there are several findings that suggest hememediated upregulation of heme pathway enzyme genes and P-globin in erythroid (Fig 9) . If heme is involved in the upregulation of erythroid-specific transcription factors, heme deficiency induced by ALAS-E downregulation in AS cells may result in the suppression of other erythroid-specific gene expression. There are two major erythroid-specific transcription factors that should be considered in this regard, ie, GATA-1" and NF-E2*'. GATA-I expression in AS clones, however, is not expected to be much different from the wild-type MEL cells, because its expression in a mutant clone, DR-I, which lacks ALAS-E mRNA, was similar to that of DS-19." On the other hand, our findings related to NF-E2 showed that the mRNA level of p45, one of the two subunits of NF-E2, was suppressed in AS1 cells similarly to the suppression of ALAS-E level in these cells (Fig 5) . Our findings on the concerted downregulation of PBGD, FeC, and P-globin in AS cells, all of which possess an NF-E2 binding cis-element, and the restoration of these transcript levels by the combined addition of DMSO and hemin (Fig 9) appear to be consistent with the hypothesis that intracellular heme may positively regulate NF-E2 activity. Recently Solomon et al'' reported that erythroid differentiation of K562 cells can be induced by hemin, but suppressed by 12-0-tetradecanoylphorbol-13-acetate (TPA). It is of interest to note that hemin induction of K562 cells acts to increase the binding activity of NF-E2, whereas TPA increases the binding of ubiquitously expressed AP-I transcription factors to a regulatory element in the transcriptional control element of various erythroidspecific genes, thereby inhibiting the binding of NF-E2 to this element.59 However, it is unclear at present whether hemin upregulates NF-E2, because ALAS-E suppression in AS cells decreased the level of p45 mRNA, but not that of rnufl, the small subunit of NF-E2. Thus, the effect of intracellular heme on the functional activity of NF-E2 is yet to be determined, and such studies are currently under way in our laboratory. (chicken @-actin cDNA) for their generous supply of cDNAs used in this study; Drs Richard A. Galbraith, Tadashi Nagai, and Mary Gail Mercurio for their helpful comments; and Luba Garbaczewski for excellent technical assistance.
